This paper proposes cooperative coding using cyclic delay diversity (CDD) for OFDM systems. The cooperative diversity is combined with channel coding while CDD is applied to the cooperative transmission of the multiple relays to improve the beneficial effects of the cooperating relays. Analyses of frame error probability (FEP) and the average channel power of the proposed scheme are shown. Simulation results show the frame error rate (FER) of the proposed scheme. The proposed scheme provides not only a simple code design and low system complexity compared to conventional space-time processing, but better FER and diversity gain compared to direct transmission and conventional cooperative coding without CDD. key words: cooperative diversity, orthogonal frequency division multiplexing (OFDM), cyclic delay diversity (CDD) 
Introduction
In wireless fading channel environments, multiple-input multiple-output (MIMO) systems are well known as an efficient way to combat channel fading and increase the diversity gain and/or the system capacity [1] , [2] . However, in many cases, multiple antennas may not be feasible for wireless mobile devices due to its limitation of size, cost, hardware complexity, and so on. To overcome these limitations, in cooperative diversity, multiple terminals with a single antenna share their resources and assist each other in data transmission to obtain the benefits of MIMO systems [3] - [6] . It enables the terminals to exploit spatial diversity that significantly improves system performance.
Cooperative coding, the combination of cooperative diversity with channel coding, provides gains through the cooperative use of resources for several terminals over direct transmission [7] - [12] . Stefanov et al. proposed cooperative coding which is exploited by channel coding across the cooperating two terminals. By using the block-fading framework, its analysis in terms of frame error probability was provided and the cooperative code-design criteria based on convolutional codes were obtained [7] . The concept of cooperative coding was extended to the terminal having multiple antennas and the system based on MIMO-OFDM [8] , [9] . Nosratinia et al. introduced the coded cooperation which may be implemented using block or convolu- tional codes and various methods of partitioning the codewords such as puncturing, product codes, and so on [10] - [12] . Based on the pairwise error probability, the analysis was performed for bit or block error rate and the tight upper bounds for the coded cooperation was provided. It was extended to the concept of space-time processing and the use of channel codings including parallel and serial concatenated convolutional codes. Even though many studies of the cooperative diversity combined with the channel coding were carried out, most of previous works have largely focused on cooperative coding with a single relay and cooperative coding with multiple relays has not been studied extensively. Also, previous works with a single relay cannot be straightforwardly extended to cooperative coding with multiple relays due to the needs of a quite difficult code design, an accurate synchronization among several relays distributed in different locations, and so on. The cyclic delay diversity (CDD) is a simple transmit diversity technique for MIMO-OFDM systems [13] - [16] . In CDD for MIMO-OFDM systems, the original signal is transmitted on the first antenna and uniquely delayed copies of the original signal are transmitted on additional antennas. It exploits the increased frequency selectivity at the receiver and increased frequency diversity is achieved by an appropriate channel coding. The advantage of the CDD is that its space-time processing and implementation complexity are independent of the number of transmit antennas. As a result of these advantages, CDD provides a flexible space-time processing compared to the space-time block code (STBC) and modest implementation complexity compared to the space-time trellis code (STTC).
In this paper, we introduce cooperative coding with multiple relays based on OFDM systems. To exploit and improve the beneficial effects of the cooperating relays, CDD is applied to the multiple relays. Even though there was an attempt to apply CDD to the cooperative diversity [17] , it only focused on achieving joint cooperative diversity and scheduling in OFDMA relay systems and did not consider the concept of the cooperative diversity combined with the channel coding. The proposed cooperative coding using CDD simplifies the code design and provides a low implementation complexity compared to cooperative coding considering space-time processing which depends on the number of relays because its code design and implementation complexity are independent of the number of relays. Also, based on OFDM systems, the proposed scheme provides not only the mitigation of the synchronization problem Copyright c 2010 The Institute of Electronics, Information and Communication Engineers among the several relays compared to the schemes which suffer from the synchronization error but the increased frequency diversity compared to conventional cooperative coding without CDD. Similar to [9] , we analyze the frame error probability (FEP) of the proposed scheme based on block fading framework and investigate the achieved diversity order for various source-relay channel qualities. Also, we investigate the average channel power of the proposed scheme. The frame error rate (FER) for the proposed scheme is computed by the computer simulation.
This paper is organized as follows. In Sect. 2, we describe the system model of cooperative coding using CDD for OFDM systems. In Sect. 3, we analyze the proposed scheme in terms of the FEP and the average channel power. In Sect. 4, the simulation results are shown. Finally, conclusions are drawn in Sect. 5.
System Model
In this section, we propose cooperative coding using CDD for OFDM systems. Consider an OFDM based wireless network which consists of a single source s, a single destination d, and a set of M relays, I = { 0, 1, · · · , M − 1}, each with a single antenna.
Assume that the channel is divided into two orthogonal subchannels having equal duration in the time domain. Suppose that, when at least one relay participates in cooperation, the source and the participating relays transmit OFDM symbols in their subchannel, each with N symbols. However, when no relay participates in cooperation, the channel with 2N symbols is used only for a source transmission.
Assume that the total transmission power for the proposed scheme is less than or equal to the total transmission power for direct transmission without the help of relays. Suppose that the source uses a half of the total transmission power for direct transmission and the relays use the other half of the total transmission power when at least one relay participates in cooperation. Assume that perfect channel state information is available at all receiving terminals. Assume that each transmitting terminal knows only the statistics of fading but not the current realization. Figure 1 shows the example of a rate 1/4 cooperative coding. Suppose that, in the first subchannel, the source broadcasts a half of its coded symbols to the relays and destination. Then, the relays decode the information symbols from the received symbols. The relay that can correctly decode the information symbols is called active relay. If a cyclic redundancy check (CRC) in at least one relay indicates successful decoding, in the second subchannel the active relays re-encode the information symbols and transmit uniquely delayed copies of the other half of the coded symbols which was not transmitted by the source to the destination. If the CRCs in all relays indicate the decoding failure, the source continuously transmits the other half of the coded symbol to the destination in the second subchannel. Then, the destination decodes all coded symbols to get the information symbols in 2N time slots.
If a length-N sequence (X(0), · · · , X(N − 1)) is transmitted in parallel on N subcarriers, the OFDM signal is obtained by its inverse discrete Fourier transform (IDFT) which is given by
A cyclic prefix is added to each OFDM signal as a cyclic guard interval. Assume that the fading channel coefficients and the noise are independent zero-mean circularly symmetric complex Gaussian random variables with variances one and N 0 , respectively. Assume a quasi-static fading channel, that is, the fading channel coefficients are constant during the transmission of any given terminal, but are independent from the terminal to the terminal. Let the number of multipaths from the source to the destination, that from the source to the ith relay, and that from the ith relay to the destination are denoted by L s,d , L s,i , and L i,d , respectively. Let the average transmission power from the source to the destination, that from the source to the ith relay, and that from the ith relay to the destination are denoted by E s,d , E s,i , and
In the first subchannel, the received signals from the source to the destination and the ith relay are given by
respectively, where
, are the fading channel coefficients of the nth path for the source-destination channel and source-ith relay channel, respectively, x(n) is the transmitted signal from the source, n s,d (n) and n s,i (n) are the additive noises for the source-destination channel and source-ith relay channel, respectively, and ⊗ stands for circular convolution. Figure 2 shows the block diagram of the transmitter of the ith relay for the proposed scheme. Suppose that, in the second subchannel, Q active relays, which successfully decode the received signal from the source, participate in cooperation. Q active relays re-encode the information symbols and simultaneously retransmit uniquely delayed copies of the remaning half of the coded symbols to the destination. Then, at the destination the received signal from the relays is given by
where
, is the source to relay transmission power ratio, V, V ⊂ I, is the set of relays which correctly decode the received signal from the source,
, is the fading channel coefficients of the nth path for the ith relay-destination channel,x(n) is the re-encoded and transmitted signal from the relays, τ i is the cyclic delay for the ith relay, (n − τ i ) N stand for the residue of n − τ i modulo N, and n r,d (n) is the additive noise for the relays-destination channel. Suppose that the interval of τ i is the same as the symbol interval. It is known that the choice of the cyclic delay τ i affects the system performance. Also, the optimum cyclic delay for phase shift keying modulation was investigated [15] . For the phase shift keying modulation, the difference between two adjacent cyclic delays τ i and τ j for optimum cyclic delay is
where A is the modulation size. However, to apply the optimum cyclic delay to the relays, the relays need the inter-relay coordination to guarantee that each relay uses distinct cyclic delay. The inter-relay coordination increases the system complexity and reduces the system efficiency. To overcome this problem, suppose that each relay uses randomly selected cyclic delay τ i .
Assume that the total relay transmission power (or the half of the total transmission power) is equally allocated to the relays. As assumed before, there are a total of M relays in the wireless network and, among all M relays, only Q active relays can successfully decode the transmitted signal from the source, that is, Q ≤ M. Assume that all relays know the total number of relays M because it is fixed and given number in the wireless network. However, basically, all relays do not know the number of active relays Q because the number of active relays Q is random variable depending on the channel condition. If the relays do not know the number of active relays Q, all relays transmit with same power resulting in α = 1/M. In other words, total relay transmission power is equally allocated to all M relays in the wireless network. In this case, the M − Q relays which do not participate in cooperation, if any, do not use power allocated to them. However, if the relays know the number of active relays Q by information exchange between the terminals, then Q active relays transmit with same power resulting in α = 1/Q. In other words, total relay transmission power is equally allocated to Q active relays. In this case, the total relay transmission power is used up. As a result of efficient power allocation, in the proposed scheme for α = 1/Q, more transmission power is allocated to each relay and even better performance can be achieved compared to the proposed scheme for α = 1/M [19] . However, for the proposed scheme with α = 1/Q, the relays need any information exchange about the number of active relays Q and this requirement increases the system complexity.
In the first subchannel, by taking the discrete Fourier transform (DFT) of (2), the received signal from the source to the destination is obtained as
The channel frequency response of the first subchannel is given by
In the second subchannel, by taking the DFT of (4), the received signal from the relays to the destination is obtained as
The channel frequency response of the second subchannel between the ith relay and destination is given by
The effective channel frequency response of the second subchannel at the destination is given by
From (7) and (9), in the second subchannel the received signal from the relays to the destination is rewritten as
After receiving all coded symbols, the destination decodes all coded symbols.
Performance Analysis
In this section, we analyze the proposed scheme in terms of the FEP and average channel power. We investigate the diversity order in terms of the FEP for good and poor sourcerelay channels. Then, we investigate the average channel power of the proposed scheme, and compare it with the average channel power of conventional cooperative coding without CDD.
Frame Error Probability
The FEP of the proposed scheme is given by
where P S R f is the FEP of the first half of the coded symbols over the source-relay channel, P RD f is the FEP of the other half of the coded symbols over the relay-destination channel when at least one relay participates in cooperation, and P direct f is the FEP of all coded symbols over the sourcedestination channel of direct transmission.
Assume that a codeword c was transmitted at the transmitter, but the receiver decides erroneously in favor of a codeword e. Then, the codeword-difference matrix is defined as B(c, e) = (c − e) H (c − e) where A H denotes the Hermitian of A [2] . Let the ranks of the codeword-difference matrices over the fading channels for the source-ith relay channel, the source-destination channel, and the ith relaydestination channel are denoted by r s,i , r s,d , and r i,d , respectively, and the rank of the codeword-difference matrices between the two codewords over the fading channel of direct transmission is denoted by r direct .
A pairwise error probability of the proposed scheme can be easily derived in a form similar to [9] . By applying the union bound to the pairwise error probability expression for the Rayleigh fading channel, an upper bound of the FEP of the proposed scheme is given by (12) , shown at the top of the next page. In (12) 
, denote the nonzero eigenvalues of the product of the codeword-difference matrix and its conjugate transpose over the fading channels for the source-ith relay channel, the source-destination channel, and the ith relay-destination channel, respectively, and λ j,direct , j = 1, · · · , r direct , denotes the nonzero eigenvalues of the product of the codeword-difference matrix between the two codewords and its conjugate transpose over the fading channel of direct transmission.
Assume that E s,d ≈ E s,i = E s , and E i,d = αE s for simplicity. Then, the upper bound of the FEP is given by (13) , shown at the upside of the next page, and (13) , the proposed scheme for α = 1/Q reduces the degradation term α − i∈V L i,d compared to the proposed scheme for α = 1/M due to Q ≤ M. As a result of efficient relay power allocation, the proposed scheme for α = 1/Q achieves more significant performance improvement over the proposed scheme for α = 1/M.
At a high signal-to-noise ratio (SNR), the FEP is approximated as
where G 1 is a value depending on the coding parameters such as
, and r direct . Notice that the proposed scheme achieves a diversity order of min (K 1 , K 2 ). Now, we investigate the diversity order of the proposed scheme in terms of the FEP for good and poor source-relay channels.
Good Source-Relay Channel
Assume that E s,d ≈ E s,i = E s , and E i,d = αE s . Then, when the source-relay channel quality is good, the FEP of the proposed scheme is given by
Similarly to (14) , at a high SNR the FEP in (15) is approximated as
where G 2 is a value depending on the coding parameters such as λ j,s,d , λ j,i,d , r s,d , and r i,d . Notice that the maximum diversity order of the proposed scheme is K 1 in this case. Hence, when the source-relay channel quality is good, the proposed scheme obtains an additional diversity order of i∈V L i,d compared to direct transmission.
Poor Source-Relay Channel
Assume that E s,d ≈ E s,i = E s , and E i,d = αE s . Then, when the source-relay channel quality is poor, at a high SNR the FEP of the proposed scheme is approximated as
and G 3 is a value depending on the coding parameters such as λ j,s,i , λ j,direct , r s,i , and r direct . When the source-relay channel quality is poor, the diversity order is limited to L s,d , which is the diversity order of the fading channel of direct transmission. When the number of relays increases, the probability that all source-relay channel qualities are poor becomes quite small. As shown in previous results for good and poor sourcerelay channel, the FEP and the diversity gain of the proposed scheme are more dependent on the quality of the sourcerelay channel than that of the channel between the relays and the destination. Therefore, to improve the performance, a good channel code which provides best performance should be preferentially applied to the source transmission in the source-relay channel. At the same time, a channel code for all coded symbols should provide the total coding gain as large as possible [7] .
In the frequency-selective channels, to exploit the spatial and frequency diversity, space-frequency code (SFC) was proposed in [20] - [22] . The maximum achievable diversity order of SFC was found to be the product of the number of transmit antennas, the number of receive antennas, and the number of multipaths [21] , [22] . However, the proposed scheme exploits the spatial and frequency diversity by using a single source and multiple relays, which have a single antenna, distributed in different locations, while SFC exploits the spatial and frequency diversity by using multiple antennas at the transmitter. Therefore, if the source-relay channel is good, the achievable diversity order of the proposed scheme is the same as that of SFC with M + 1 transmit antennas. However, if the source-relay channel is poor, the achievable diversity order of the proposed scheme is limited to that of the direct transmission without the help of the relays.
Average Channel Power
By using the effective channel frequency response of the second subchannel at the destination in (9), the average channel power of the second subchannel can be defined as [18] P avg
When at least one relay participates in cooperation, the average channel power of the second subchannel becomes
Suppose that CDD with τ i ≥ iL i,d , i ∈ V, is applied to the cooperative transmission of the active relays. Then, the average channel power of the second subchannel is given by
Suppose that CDD is not applied to the cooperative transmission of the active relays, i.e., τ i = 0, i ∈ V. Then, the average channel power of the second subchannel is given by
From (20) and (21), the average channel power of the second subchannel for the proposed scheme and that for conventional cooperative coding without CDD satisfy
The inequality of the average channel power for the proposed scheme with CDD and conventional cooperative coding without CDD holds with equality if and only if
for all i, j, the average channel power for the proposed scheme with CDD is larger than that for conventional cooperative coding without CDD and the proposed scheme with CDD provides lower FEP over conventional cooperative coding without CDD.
Simulation Results
Consider an OFDM system with the number of subcarriers N = 256, spectral efficiency of R = 0.25 bps/Hz, binary phase-shift keying (BPSK), and frequency selective Rayleigh fading channel. Assume the modified SUI-5 channel model [23] , which is one of six channel models adopted by IEEE 802.16 for evaluating broadband fixed wireless systems in 2-11 GHz bands. Assume that the channel model has three Rayleigh fading taps at delays of 0 μs, 2.5 μs, and 5 μs with relative powers of 0 dB, −5 dB, and −10 dB, respectively, and
Suppose that the OFDM sampling period is 2.5 μs and symbol rate of subcarrier and delay duration are normalized by the symbol rate. Suppose the random cyclic delay and an ideal CRC code for error detection are used. Suppose a rate 1/4 (53,67,71,75) convolutional code with a constraint length of 6, which provides the best performance among the convolutional codes having the same rate and constraint length, is used for direct transmission and the proposed cooperative coding using CDD [24] . Suppose that, in the first subchannel the source uses a rate 1/2 (53,75) convolutional code which provides best performance among the convolutional codes having the same rate and constraint length, and in the second subchannel the relays use a rate 1/2 (67,71) convolutional code. SNR is defined as E total /N 0 where E total = E s,d + i∈V E i,d and N 0 is noise variance.
First, the FER of the proposed scheme with α = 1/M is shown in Fig. 3 . For the proposed scheme, the source and the relay use half-reduced code rate convolutional codes compared to the source of direct transmission and it causes a coding gain loss compared to direct transmission. Even though the performance of the proposed scheme with M = 1 is worse than the performance of direct transmission due to the coding gain loss, the FER of the proposed scheme becomes small as M increases. Also, the diversity gain is achieved as shown in the slope of the FER for high SNR over direct transmission. Figure 4 shows the FER of the proposed scheme with α = 1/M for various number of relays M according to the SNR. It is shown that the FER of the proposed scheme becomes small as M increases. Also, it is shown that the num- ber of relays M required to achieve the sufficiently improved FER decreases as SNR increases. To achieve the FER of about 10 −2 , the proposed scheme requires 4 relays, 2 relays, and 1 relay at the SNR of 5 dB, 10 dB, and 15 dB, respectively. Figure 5 shows the cooperation probability, which is the probability that at least one relay participates in cooperation, of the proposed scheme for various M. It is shown that, when M increases, the cooperation probability reaches one at a lower SNR. In other words, as M increases, the cooperative transmission which improves the performance occurs more frequently at a lower SNR and the probability that the relay cannot decode the information symbols from the source decreases.
Next, we investigate the beneficial effect of CDD on cooperative coding. Figure 6 shows the FER of the proposed scheme for α = 1/M with CDD and conventional coopera- tive coding without CDD. The proposed scheme with M = 5 achieves the SNR gains of about 1.5 dB, 3.2 dB, and 5.2 dB at the FER of 10 −1 , 10 −2 , and 10 −3 over conventional cooperative coding without CDD, respectively. The proposed scheme with CDD achieves more significant performance improvement over conventional cooperative coding without CDD as M increases. As shown in the results, a straightforward extension of conventional cooperative coding without CDD or other considerations cannot fully achieve the potential benefit of multiple relays. Figure 7 shows the FER of the proposed scheme for α = 1/M with random cyclic delay and optimum cyclic delay. The proposed scheme with random cyclic delay do not need additional information for the inter-relay coordination to guarantee that each relay uses distinct cyclic delay. Even though the proposed scheme with random cyclic delay is more simple and needs lower system complexity compared to the scheme with optimum cyclic delay, the FER of the proposed scheme with random cyclic delay is very close to that of the proposed scheme with optimum cyclic delay.
If the relays know the number of active relays, more efficient power allocation, which uses up the total relay transmission power without loss, can be applied to the proposed scheme. Figure 8 shows the FER of the proposed scheme with two relay transmission power allocation parameters. The proposed scheme with M = 5 and α = 1/Q achieves the SNR gains of about 1.7 dB, 1.5 dB, and 1.2 dB at the FER of 10 −1 , 10 −2 , and 10 −3 over the proposed scheme with M = 5 and α = 1/M, respectively.
Conclusions
In this paper, we proposed cooperative coding using CDD for OFDM systems. Unlike most of previous works which consider cooperative coding with a single relay, we investigated cooperative coding with multiple relays in frequencyselective channels. To exploit and improve the beneficial effects of the cooperating relays, CDD is applied to the cooperative transmission of multiple relays. By applying CDD, the proposed scheme provides a flexible space-time processing compared to STBC and low implementation complexity compared to STTC. We analyzed the achievable diversity order of the proposed scheme in terms of FEP based on good and poor source-relay channels. It was shown that, when the source-relay channel is good, the proposed scheme provides full spatial and frequency diversity and its maximum achievable diversity order is the same as that of SFC using multiple transmit antennas. Also, it was shown that the proposed scheme provides the enhancement of the average channel power by comparing the proposed scheme and conventional cooperative coding without CDD. The FER of the proposed scheme was computed by computer simulation. It was shown that the proposed scheme achieves better FER performance compared to direct transmission and conventional cooperative coding without CDD. The performance of the proposed scheme with random cyclic delay is very close to that of the proposed scheme with optimum cyclic delay. Also, a simple and more efficient relay transmission power allocation scheme was introduced to improve the performance of the proposed scheme.
